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Abstract The protein tyrosine kinases (PTKs) are a large 
protein family consisting of many subfamilies with a variety of 
domain structures. The basic functions are thought to differ for 
different subfamilies. To know the dates at which the subfamilies 
diverged by gene duplications, a phylogenetic tree of the PTKs 
was inferred by comparing sequences from a wide range of 
species covering diploblasts and triploblasts. The PTK tree 
revealed that almost all of the gene duplications that gave rise to 
different subfamilies occurred rapidly before the diploblast-
triploblast split, accompanying with rapid amino acid substitu-
tions. This type of gene duplication was, however, rarely observed 
after that split. Long after the subfamily divergence, another 
type of gene duplication that gave rise to diverse tissue-specific 
genes occurred in each subfamily on the chordate lineage since 
the separation from arthropods. This type of gene duplication 
occurred frequently before the fish-tetrapod split, accompanying 
with rapid amino acid substitutions. In contrast, both the 
frequency of gene duplications and the rate of the amino acid 
substitutions were considerably reduced after that split. These 
results strongly suggest that the PTKs diverged intermittently, 
but not gradually, during animal evolution. 
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1. Introduction 
The protein kinases are a large family of proteins that share 
similarities of their catalytic (kinase) domain sequences, and 
they are divided into two major families: the protein serine/ 
threonine kinase (PSK) family and the protein tyrosine kinase 
(PTK) family, on the basis of the substrate specificity (re-
viewed in [1-3]). The phylogenetic tree of the protein kinases 
revealed an independent cluster of the PTKs which originated 
from a group of PSKs [1]. The PTKs are recognized only in 
multicellular animals, while the PSKs are found in a wide 
range of species covering almost all eukaryotes. Functionally, 
the PTKs are involved in the signal transduction and cell-cell 
interactions that control cell proliferation and differentiation 
(reviewed in [1-5]). It is therefore likely that the PTKs derived 
from a precursor PSK of unicellular protist by gene duplica-
tion and diverged extensively during evolution of multicellular 
animals [1,2]. 
The PTK family comprises many subfamilies which differ 
from one another in domain structure and function, and these 
subfamilies form separate clusters on family tree (reviewed in 
[1-5]). From a molecular phylogenetic approach of animal-
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specific protein families involved in the signal transduction, 
we previously showed that most gene duplications which 
gave rise to different subfamilies (i.e., different functions) oc-
curred before the deuterostome-protostome split and, after 
that split, such type of gene duplication was observed in 
low frequency [6]. Since the separation from protostomes, 
deuterostomes underwent extensive gene duplications which 
resulted in the increase of the number of subfamily members 
[6]. In most cases, the subfamily members are expressed tissue 
specifically and they are virtually identical to one another in 
function (tissue-specific genes) [6,7]. 
From a phylogenetic analysis of the PTK family, we report 
here that almost all of the gene duplications that gave rise to 
different subfamilies of PTKs antedate the diploblast-triplo-
blast split, and after the separation from arthropods, another 
type of gene duplications occurred during the first half period 
of chordate evolution, by which a variety of tissue-specific 
genes belonging to each subfamily diverged extensively. This 
strongly suggests the intermittent divergence of PTKs during 
animal evolution. 
2. Materials and methods 
All the sequence data used in the present analyses were taken from 
GenBank release 98.0 and PIR database release 51.0. Optimal align-
ments of sequences were obtained by the methods of Needleman and 
Wunsch [8] and Berger and Munson [9], together with manual inspec-
tions. The number fcaa of amino acid substitutions per site or evolu-
tionary distance was calculated by the simple Poisson correction [10] 
as £aa = —ln(l—Aaa) for regions where unambiguous alignment is pos-
sible, where Km represents the amino acid difference per residue be-
tween sequences compared; amino acid sites where gaps exist in the 
alignment were excluded from the calculation. The evolutionary dis-
tances were applied to phylogenetic inferences by the neighbor-joining 
(NJ) method [11]. Bootstrap analyses were carried out by the method 
of Felsenstein [12]. 
3. Results and discussion 
Fig. 1 shows the phylogenetic tree of the PTK family in-
ferred from comparisons of the amino acid sequences of the 
kinase domain. Using three PSKs (human MLK-3, Glycine 
PK6, and Dictyostelium protein kinase) as outgroups, the 
tree was inferred by the NJ method [11]. Only highly con-
served regions of 196 amino acid sites in total were used, 
for which unambiguous alignment is possible. According to 
the tree, the family members that share an identical domain 
structure (i.e., members of a subfamily) form a cluster on the 
tree (shaded cluster), as Hanks et al. [1] pointed out. The 
domain structures of the PTK subfamilies are also shown in 
Fig. 1. The data on the domain structures were taken from 
published papers [4,13-19] with slight modifications in the 
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number of domain repeats, except for the following two cases; 
the epidermal growth factor receptor (EGFR) and the insulin 
receptor (IR) share a cysteine-rich sequence in the extracellu-
lar region. A detailed structural analysis has revealed that the 
homologous region contains two distinct types of domains, 
consisting of cysteine-rich repeats (furin-like repeats) each of 
about 40 amino acids which show a significant sequence sim-
ilarity with cysteine-rich repeats of the furin family [20] and 
the remaining domain of unknown functions. Furthermore in 
the N-terminal region of feslfps, there exists an additional 
domain of about 230 amino acids whose sequence shows a 
significant similarity with YHR114w gene (accession number 
U00059) of S. celevisiae. Based on these data, the domain 
structures of EGFR, IR and feslfps were revised as shown 
in Fig. 1. 
The PTK tree of Fig. 1 includes the family members from 
invertebrates, sponge, hydra, Drosophila and nematode, which 
allow ones to estimate roughly the dates of divergence of 
subfamilies by gene duplications. In Fig. 1, all gene duplica-
tions giving rise to different subfamilies are included in the 
tree (indicated by rhombi); isoform gene duplications within 
each subfamily are not shown explicitly, except for the four 
gene duplications (open box) which occurred at very remote 
times in the src subfamily and two gene duplications (open 
box) giving rise to CSK and Spk-1 whose domain structures 
are virtually identical to that of src. The PTK tree revealed 
interesting patterns on the divergence times of different sub-
families by gene duplications. Most of gene duplications that 
gave rise to different subfamilies with different domain struc-
tures occurred at remote times, going back to dates before the 
diploblast-triploblast split; of 26 such gene duplications, 19 
gene duplications antedate the diploblast-triploblast split 
(filled rhombi) and gene duplication postdated that split is 
only one (open rhombus); for six gene duplications, their 
divergence times are unknown (half-filled rhombi). 
A bootstrap analysis by the standard procedure with 1000 
times resamplings shows that the numbers of gene duplica-
tions before and after the diploblast-triploblast split are on 
the average 17 and 1, respectively (Fig. 2); for eight gene 
duplications, their divergence times are unknown. Since no 
PTK has been identified in organisms other than animals, it 
is highly likely that the subfamilies diverged rapidly during the 
diploblast evolution before the emergence of triploblasts. 
Although CSK and Spk-1 are structurally similar to src, 
they show separate clusters on tree and the divergence times 
apparently antedate the diploblast-triploblast split. Thus it 
seems likely that they are separate subfamilies with functions 
distinct from that of src. 
The diverse domain structure of the PTK family was obvi-
ously generated by the mechanism of domain shuffling, to-
gether with domain duplication. It is, however, not possible 
to know the dates at which the domain shufflings occurred by 
the PTK tree alone, because the tree was inferred from the 
kinase domain. Comparisons of the overall domain structures 
between different species are required for this purpose. At 
present, data on the domain structures of the PTKs from 
mammals and Drosophila (or C. elegans) are available for 14 
subfamilies, JAK, EGFR, ACK, abl, teclDsrc28C, eph, feslfps, 
IR, roslsev, DDR, klg, ror, fibroblast growth factor receptor 
(FGFR) and ret. In 12 of the 14 subfamilies the overall do-
main structure is virtually identical between mammals and 
Drosophila (or nematode). This strongly suggests that the do-
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main shuffling took place at least before the vertebrate-ar-
thropod split. Furthermore the domain structures are virtually 
identical between diploblast (hydra) and triploblasts in 
HTK16, src, IR, klg and FGFR/platelet-derived growth factor 
receptor (PDGFR) subfamilies and between parazoan 
(sponge) and eumetazoans in src subfamily. It seems therefore 
conceivable that most, if not all, of the subfamilies diverged 
by domain shufflings, together with gene duplications before 
the diploblast-triploblast split. 
Judging from the branch length of the PTK tree, the evolu-
tionary rate u\ of amino acid substitutions accumulated on the 
lineage between the deepest root and the branching point at 
which diploblasts and triploblasts separated seems to be high-
er than the average evolutionary rate u\\ of lineages after the 
diploblast-triploblast split. The minimum estimates of u\lu\\ 
ratios of HTK16, src, IR, klg and FGFR/PDGFR subfamilies 
are 1.2, 3.8, 3.7, 1.0 and 1.3, respectively. For the date of 
diploblast-triploblast split, we used the date of 700 million 
years ago (Ma) [21,22], which corresponds to that of deuter-
ostome-protostome split, in the calculation of u\. This obvi-
ously gives an underestimate of u\. In addition, we assumed 
that the deepest root corresponds to the animal-fungus-plant 
splits, which occurred about 1000 Ma [21]. If the evolutionary 
rates are compared between lineages before and after the 
chordate-arthropod split, the former to latter ratios exceed 
unity, being 6.9, 4.4, 2.5, 2.5, 2.4, 2.3, 2.2, 2.2, 1.6, 1.5, 1.3 
and 1.2 for abl, IR, eph, feslfps, ret, FGFR, ror, tec, klg, rosl 
sev, ACK and DDR subfamilies, respectively, except for JAK 
(0.30). Thus, from the phylogenetic analysis of the PTK fam-
ily, we conclude that both amino acid substitutions and gene 
duplications giving rise to different subfamilies occurred at 
higher rate during the early evolution of animals than the 
latter evolution. 
Because members belonging to each subfamily form a clus-
ter in the PTK tree, the divergence of subfamily members 
postdates the divergence of different subfamilies. The mem-
bers of each subfamily are virtually identical to each other in 
domain structure and function, and they often differ in tissue 
distribution (tissue-specific genes), as shown in several PTK 
subfamilies [23-28]. To understand the pattern of divergence 
of the tissue-specific genes, a phylogenetic analysis was carried 
out for each of six subfamilies, JAK, src, FGFR, EGFR, eph 
and IR subfamilies, for which considerable amounts of se-
quence data from various sources of species are available at 
present (Fig. 3 
Fig. 3 revealed patterns of divergence characteristic of the 
vertebrate tissue-specific genes. In each subfamily, the number 
of common ancestral genes shared by vertebrates and arthro-
pod is very small, being only one in most cases, except for src, 
and vertebrate genes diverged on the vertebrate lineage inde-
pendently from arthropod after the separation of the two 
phyla. The src subfamily, however, has three gene duplica-
tions which predate the diploblast-triploblast split. As men-
tioned above, such ancient gene duplications almost exclu-
sively give rise to different subfamilies carrying distinct 
domain structures and functions. It seems therefore conceiv-
able that the src subfamily consists of at least four subfamilies 
(src 1-src IV in Fig. 3b) which possibly have distinct functions 
to each other. 
According to Fig. 3, most gene duplications that gave rise 
to different tissue-specific genes appear to predate the fish-
tetrapod split or the amphibian-amniote split. To assess this 
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Fig. 1. Phylogenetic tree of the protein tyrosine kinase family inferred from the kinase domain. Using three PSKs, human MLK-3 (accession 
number L32976), Glycine PK6 (M67449), and Dictyostelium protein kinase (U01064), as outgroups, the tree was inferred by the NJ method 
[11]. Family members with virtually identical domain structures form a cluster, which corresponds to a subfamily (shaded group). Filled and 
open circles, diploblast (hydra)-triploblast (or sponge-triploblast) split and arthropod-chordate split, respectively. Filled (open) rhombi, gene 
duplications that antedate (postdate) diploblast-triploblast split; half-filled rhombi, gene duplications whose divergence times are unknown; 
open boxes, gene duplications that antedate diploblast-triploblast split in the src subfamily and two gene duplications giving rise to ^re-related 
subfamilies, CSK and Spk-1. Only gene duplications by which different subfamilies diverged are marked, and gene duplications within each 
subfamily are not shown explicitly, except for the src subfamily. The branch length is proportional to the number of accumulated amino acid 
substitutions. The domain structure of each subfamily is also shown, which was schematically pictured based on human sequences, except for 
HTK16 (based on Drosophila sequence), Spk-1 (planaria), torso (Drosophila), MuSK (torpedo), and H.v. RTK1,2 (hydra). The domains en-
closed by brackets in teclDsrc28C and ror lack in Drosophila and that in MuSK lacks in human. Data on the domain structures were taken 
from published papers [4,13-19] with slight modifications (see text). The names of sequences and their accession numbers are as follows: 1, hu-
man JAK1 (M64174); 2, carp JAK1 (L24895); 3, Drosophila hopscotch (L26975); 4, human epidermal growth factor receptor (EGFR) 
(X00588); 5, Xiphophorus EGFR (X16891); 6, Drosophila EGFR (S73524); 7, human syk (X73568); 8, human ZAP-70 (A44266, PIR); 9, Dro-
sophila Shark (U37773); 10, hydra HTK16 (U00936); 11, human ACK (L13738); 12, Caenorhabditis B0302.1 (U41032); 13, human src 
(K03218); 14, Xiphophorus Xsrc (X64658); 15, hydra STK (M25245); 16, sponge srkl (X61602); 17, sponge srk3 (X61603); 18, sponge srk\ 
(X61601); 19, human Frk (U00803); 20, Drosophila src (Ml 1917); 21, human brk (X78549); 22, mouse Srm (D26186); 23, human abl 
(X16416); 24, Drosophila abl (M19692); 25, human tec (D29767); 26, human Btk (X58957); 27, Drosophila T>src2%C (M16599); 28, human 
CSKJcyl (X60114); 29 human HYL (X77278); 30 Dugesia Spk-1 (X75310); 31, human HEK8 (L36645); 32, Xenopus Pag (L26099); 33, 
Caenorhabditis M03A1.1 (U49956); 34, human fes/fps (X06292); 35, Drosophila dfps85D (X52844); 36, human FAK (L13616); 37, Xenopus 
FAK (U11078); 38, human FAK2/PYK2 (U33284); 39, human insulin receptor (IR) (M32972); 40, Drosophila IR (U18351); 41, hydra IR 
(M64612); 42, human Itk (X60702); 43, human ros (M34353); 44, Drosophila sevenless (J03158); 45, human DDR//rfcE (X74979); 46, human 
TKT (X74764); 47, Caenorhabditis F11D5.3 (U41532); 48, human CCK-4 (U33635); 49, Drosophila Dtrk (X63453); 50, hydra HTK90 
(U59448); 51, human trk (M23102); 52, human trkB (U12140); 53, human MuSk [13]; 54, torpedo Mfc-related (L11311); 55, human ror\ 
(M97675); 56, human rorl (M97639); 57, Drosophila Dror (L20297); 58, Drosophila torso (X15150); 59, hydra receptor protein tyrosine kinase 
(L22612); 60, human fibroblast growth factor receptor (FGFR)l (X57121); 61, Xenopus FGFR1 (M55163); 62, Drosophila FGFR (D14976); 
63, human platelet-derived growth factor alpha receptor (PDGFaR) (M21574); 64, Xenopus PDGFaR (M80798); 65, human vascular endothe-
rial cell growth factor receptor (VEGFR) (X69878); 66, hydra receptor protein tyrosine kinase (U24116); 67, human ret (M57464); 68, Droso-
phila Dret (S70576); 69, human tiel (X60957); 70, human tiel (L06139); 71, human hepatocyte growth factor receptor (HGFR) (J02958); 72, 
human Ron (X70040); 73, human RYK (X69970); 74, human UFO (S65125); 75, human Rse (U05682). 
^^^^m, kinase domain 
□ , SH3 domain 
mum, SH2 domain 
O , furin-cys-rich repeat 
@ , ankyrin repeat 
A , F-actin binding domain 
imm , pleckstrin homology domain 
& , FN-lll-like repreat 
r = n , carbohydrate recognition domain 
[\ , Ig-like repeat 
OD , cadherin-like repeat 
[S], EGF-like repeat 
I , leucine-rich repeat 
g" * , discoidin l-like domain 
© , kringle domain 
c: ^ VJA , unknown domains 
-H- , transmembrane 
quantitatively, we divided the whole lineage of chordates from 
the separation from arthropods to the extant vertebrates into 
two periods, the first and latter periods, by tentatively defining 
the fish-tetrapod split which occurred about 400 Ma [21] as a 
boundary; for eph and IR subfamilies, the amniote-amphib-
ian split (350 Ma [21]) was used instead of the fish-tetrapod 
split, because no fish data is available. Assuming the diver-
gence time of 700 Ma for the chordate-arthropod split [21,22], 
the number (ni) of gene duplications per 100 million years in 
the first period and that («n) of the latter period were counted 
for each subfamily based on the trees of Fig. 3; for the begin-
ning of the first period in src IV subfamily, the diploblast 
(hydra)-triploblast split was used instead of the chordate-ar-
thropod split. Since no data on the date of diploblast-triplo-
blast split is available at present, we adapted the date of 1000 
Ma which corresponds to the divergence time of animals, 
fungi, and plants [21], which gives an underestimate of rt\. 
Furthermore, in eph the nematode was used instead of Dro-
sophila and the date of divergence of nematode and chordates 
was assumed to be 700 Ma. The n\ and «n were subjected to a 
statistical test based on the bootstrap procedure shown in Fig. 
2. Table 1 shows the results of n\ and n\\. The rate of gene 
duplication is 7.9 times higher in the first period than in the 
latter period on the average of six subfamilies examined here. 
That is, the gene duplications that gave rise to tissue-specific 
genes occurred frequently during the early evolution of chor-
dates, and in the subsequent evolution the frequency of gene 
duplications was considerably reduced. 
Four gene duplications in Xenopus are exceptional. The 
numbers Ar^ s of synonymous substitutions per site [29] were 
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estimated to be 0.17, 0.21, 0.14 and 0.25 for pairs, src-llsrc-2, 
FGFR1/X1FGFR, Sek-1/Pag and XTK-1A/XTK-1B from 
Xenopus, respectively. Judging from the considerably small 
ks values, a recent duplication and/or conversion of a large 
chromosomal region may be responsible for the unique diver-
gence in Xenopus lineage. 
The evolutionary rate VT of amino acid substitutions accu-
mulated in the first period and the average evolutionary rate 
VII of lineages in the latter period were also evaluated based on 
the branch length of the trees shown in Fig. 3, assuming the 
divergence times mentioned above. The results are summa-
rized in Table 1. Evidently vi is always higher than vn for 
all the six subfamilies. These results that the frequent tissue-
specific gene duplication and the rapid rate of amino acid 
substitution during the early evolution of chordates shown 
here are consistent with our previous result based on many 
different gene families or subfamilies [6,7]. 
From these results, the evolutionary history of the PTK 
family is summarized as follows. The PTK family diverged 
from an ancestral PTK which possibly originated from a 
PSK of unicellular protist and increased the multiplicity of 
the family members by two distinct modes of gene duplica-
tions during animal evolution. The first type of gene duplica-
tions occurred rapidly during the evolution of primitive ani-
mals before the diploblast-triploblast split, accompanying 
with rapid amino acid substitutions. By these gene duplica-
tions, almost all of the subfamilies of distinct functions with a 
variety of domain structures had been completed. After the 
Table 1 
Comparisons of the number of gene duplications and evolutionary 
rates between the first and latter periods of chordate evolution 
Subfamily 
JAK 
src IVb 
FGFR 
EGFR 
gplff 
IRa 
Total 
«i 
2.0 
4.2 
4.2 
2.8 
9.8 
2.0 
(0.66) 
(0.70) 
(1.4) 
(0.93) 
(2.8) 
(0.57) 
(7.06) 
tin 
0.0 
0.98 
0.68 
0.0 
1.0 
0.70 
(0.0) 
(0.24) 
(0.17) 
(0.0) 
(0.28) 
(0.20) 
(0.89) 
Vl/Vn 
3.2 
2.2 
4.3 
2.5 
15 
2.5 
FGFR, fibroblast growth factor receptor; EGFR, epidermal growth 
factor receptor; IR, insulin receptor. 
The whole chordate lineage from the common ancestor of chordates 
and arthropods to extant vertebrates was divided into two periods, the 
first (I) and latter (II) periods, by tentatively defining the date of 
divergence of fishes and tetrapods as a boundary. 
»i and nn, the average numbers of gene duplications occurred in the 
first and latter periods, respectively. On the basis of the phylogenetic 
trees of the six PTK subfamilies shown in Fig. 3, the average number 
of gene duplications was calculated by repeating the bootstrap re-
samplings of 1000 times and by inferring the phylogenetic tree for 
each resampling procedure based on the NJ method [11]. The number 
of gene duplications per 100 million years is shown in parentheses, 
which has been calculated by assuming that the chordate-arthropod 
split, the fish-tetrapod split and the amphibian-amniote split occurred 
700 Ma [21,22], 400 Ma [21], and 350 Ma [22], respectively. The 
average evolutionary rate vi of amino acid substitutions in the first 
period and that vn in the latter period were calculated from the 
branch lengths of the inferred trees of Fig. 3. 
aThe divergence of amphibians and amniotes was used as the bound-
ary. 
b Because no arthropod sequence was available, a hydra sequence was 
used, and the divergence time of 1000 Ma corresponding to the time 
of animal-fungus-plant splits [21] was used for hydra-vertebrate split, 
which gives underestimates of n\ and vi/vn. 
cThe nematode data was used, and the divergence time of 700 Ma was 
assumed for nematode-chordate split. 
"0.81+0.96 
I 
^ 
17.0±1.6 
1 
f 
a) 
1 L. l l 1 1 1 1 1 i l l l l I 
0 2 4 6 8 10 12 14 16 18 20 22 24 
No. of gene duplication 
Fig. 2. The number of gene duplications that gave rise to different 
subfamilies before (a) and after (b) the diploblast-triploblast split 
based on the bootstrap analysis. Distribution of the number of gene 
duplications was calculated by repeating the bootstrap resampling 
procedure [12] of 1000 times and by inferring the phylogenetic tree 
for each resampling procedure based on the NJ method [11]. Arrow 
indicates mean ± SD. 
initial burst of gene diversifications before the diploblast-trip-
loblast split, such type of gene duplications rarely occurred 
and the rates of amino acid substitutions were considerably 
reduced. Long after the diploblast-triploblast split, the second 
burst of gene diversifications occurred by another type of gene 
duplications in the first half period of chordate evolution be-
tween the chordate-arthropod split and the fish-tetrapod 
split. By this type of gene duplication, each subfamily in-
creased the multiplicity of members consisting of tissue-spe-
cific genes, accompanying with rapid amino acid substitutions. 
After the fish-tetrapod split, both the gene duplications and 
the amino acid substitutions were considerably reduced in 
rates. These results strongly suggest that the PTKs diverged 
intermittently, but not gradually during animal evolution. 
Similar patterns of gene diversification are also found in other 
families including the G-protein a-subunit family, the phos-
pholipase C family, the protein kinase C family, the phospho-
diestarase family and the pax family (manuscript in prepara-
tion). 
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zebrafish FGFR4 (U23839) 
Fig. 3. Phylogenetic trees of six PTK subfamilies, a: JAK subfamily (211 sites were compared), b: src subfamily (248 sites), c: Fibroblast 
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proportional to the number of accumulated amino acid substitutions. The number at each branching point represents the bootstrap probability 
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